Structure determination of proteins and other macromolecules has historically required the growth of high-quality crystals sufficiently large to diffract x-rays efficiently while withstanding radiation damage. We applied serial femtosecond crystallography (SFX) using an x-ray free-electron laser (XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer by 1 micrometer by 3 micrometers) of the well-characterized model protein lysozyme. The agreement with synchrotron data demonstrates the immediate relevance of SFX for analyzing the structure of the large group of difficult-to-crystallize molecules.
Abstract
Structure determination of proteins and other macromolecules has historically required the growth of high-quality crystals sufficiently large to diffract x-rays efficiently while withstanding radiation damage. We applied serial femtosecond crystallography (SFX) using an x-ray free-electron laser (XFEL) to obtain high-resolution structural information from microcrystals (less than 1 micrometer by 1 micrometer by 3 micrometers) of the well-characterized model protein lysozyme. The agreement with synchrotron data demonstrates the immediate relevance of SFX for analyzing the structure of the large group of difficult-to-crystallize molecules.
Elucidating macromolecular structures by x-ray crystallography is an important step in the quest to understand the chemical mechanisms underlying biological function. Although facilitated greatly by synchrotron x-ray sources, the method is limited by crystal quality and radiation damage (1) . Crystal size and radiation damage are inherently linked, because reducing radiation damage requires lowering the incident fluence. This in turn calls for large crystals that yield sufficient diffraction intensities while reducing the dose to individual molecules in the crystal. Unfortunately, growing well-ordered large crystals can be difficult in many cases, particularly for large macromolecular assemblies and membrane proteins. In contrast, micrometer-sized crystals are frequently observed. Although diffraction data of small crystals can be collected by using microfocus synchrotron beamlines, this remains a challenging approach because of the rapid damage suffered by these small crystals (1).
Serial femtosecond crystallography (SFX) using x-ray free-electron laser (XFEL) radiation is an emerging method for three-dimensional (3D) structure determination using crystals ranging from a few micrometers to a few hundred nanometers in size and potentially even smaller. This method relies on x-ray pulses that are sufficiently intense to produce highquality diffraction while of short enough duration to terminate before the onset of substantial radiation damage (2-4). X-ray pulses of only 70-fs duration terminate before any chemical damage processes have time to occur, leaving primarily ionization and x-ray-induced thermal motion as the main sources of radiation damage (2) (3) (4) . SFX therefore promises to break the correlation between sample size, damage, and resolution in structural biology. In SFX, a liquid microjet is used to introduce fully hydrated, randomly oriented crystals into the single-pulse XFEL beam (5-8), as illustrated in Fig. 1 . A recent low-resolution proof-ofprinciple demonstration of SFX performed at the Linac Coherent Light Source (LCLS) (9) using crystals of photosystem I ranging in size from 200 nm to 2 m produced interpretable electron density maps (6) . Other demonstration experiments using crystals grown in vivo (7), as well as in the lipidic sponge phase for membrane proteins (8) , were recently published. However, in all these cases, the x-ray energy of 1.8 keV (6.9 Å) limited the resolution of the collected data to about 8 Å. Data collection to a resolution better than 2 Å became possible with the recent commissioning of the LCLS Coherent X-ray Imaging (CXI) instrument (10) . The CXI instrument provides hard x-ray pulses suitable for high-resolution crystallography and is equipped with Cornell-SLAC Pixel Array Detectors (CSPADs), consisting of 64 tiles of 192 pixels by 185 pixels each, arranged as shown in Fig. 1 and figs. S1 and S2. The CSPAD supports the 120-Hz readout rate required to measure each x-ray pulse from LCLS (11, 12) .
Here, we describe SFX experiments performed at CXI analyzing the structure of hen eggwhite lysozyme (HEWL) as a model system by using microcrystals of about 1 m by 1 m by 3 m (4, 11). HEWL is an extremely well-characterized protein that crystallizes easily. It was the first enzyme to have its structure determined by x-ray diffraction (13) and has since been thoroughly characterized to very high resolution (14) . Lysozyme has served as a model system for many investigations, including radiation damage studies. This makes it an ideal system for the development of the SFX technique. Microcrystals of HEWL in random orientation were exposed to single 9.4-keV (1.32 Å) x-ray pulses of 5-or 40-fs duration focused to 10 m 2 at the interaction point (Fig. 1) . The average 40-fs pulse energy at the sample was 600 J per pulse, corresponding to an average dose of 33 MGy deposited in each crystal. This dose level represents the classical limit for damage using cryogenically cooled crystals (15) . The average 5-fs pulse energy was 53 J. The SFX-derived data were compared to low-dose data sets collected at room temperature by using similarly prepared larger crystals (11) . This benchmarks the technique with a well-characterized model system.
We collected about 1.5 million individual "snapshot" diffraction patterns for 40-fs duration pulses at the LCLS repetition rate of 120 Hz using the CSPAD. About 4.5% of the patterns were classified as crystal hits, 18.4% of which were indexed and integrated with the CrystFEL software (14) showing excellent statistics to 1.9 Å resolution (Table 1 and table  S1 ). In addition, 2 million diffraction patterns were collected by using x-ray pulses of 5-fs duration, with a 2.0% hit rate and a 26.3% indexing rate, yielding 10,575 indexed patterns. The structure, partially shown in Fig. 2A , was determined by molecular replacement [using Protein Data Bank (PDB) entry 1VDS] and using the 40-fs SFX data. No significant differences were observed in an F obs (40 fs) − F obs (synchrotron) difference electron density map (Fig. 2B) . The electron density map shows features that were not part of the model (different conformations of amino acids and water molecules) and shows no discernible signs of radiation damage. Also, when the data were phased with molecular replacement by using the turkey lysozyme structure as a search model (PDB code 1LJN), the differences between the two proteins were immediately obvious from the maps ( fig. S3 ).
Even though the underlying radiation damage processes differ because of the different time scales of the experiments using an XFEL and a synchrotron or rotating anode (femtoseconds versus seconds or hours), no features related to radiation damage are observed in difference maps calculated between the SFX and the low-dose synchrotron data (Fig. 2B) . In addition to local structural changes, metrics like I/I 0 [the ratio of measured intensities (I) to the ideal calculated intensities (I 0 )] and the Wilson B factor are most often used to characterize global radiation damage in protein crystallography (17) . I/I 0 is not applicable to the SFX data.
However, the Wilson B factors of both SFX data sets show values typical for roomtemperature data sets and do not differ significantly from those obtained from synchrotron and rotating anode data sets collected with different doses, using similarly grown larger crystals kept at room temperature and fully immersed in solution (11) ( Table 1 and table  S1 ). The R factors calculated between all collected data sets do not show a dose-dependent increase ( fig. S4 ). However, higher R factors are observed for the SFX data, indicating a systematic difference. This is not caused by nonconvergence of the Monte Carlo integration, because scaling the 40-and 5-fs data together does not affect the scaling behavior. Besides non-isomorphism or radiation damage, possible explanations for this difference could include suboptimal treatment of weak reflections, the difficulties associated with processing still diffraction images, and other SFX-specific steps in the method. SFX is an emerging technique, and data processing algorithms, detectors, and data collection methods are under continuous development.
A simple consideration shows the attainable velocities of atoms in the sample depend on the deposited x-ray energy versus the inertia of those atoms:
, where m is the mass of a carbon atom, for example, T is temperature, and k B is Boltzmann's constant. For an impulse absorption of energy at the doses of our LCLS measurements, we predict average velocities less than 10 Å/ps, which gives negligible displacement during the FEL pulses. On the time scale of femtoseconds, radiation damage is primarily caused by impulsive rearrangement of atoms and electron density rather than the relatively slow-processes of chemical bond breaking typical in conventional crystallography using much longer exposures at much lower dose rates (the dose rate in this experiment was about 0.75 MGy per femtosecond). Neither the SFX electron density maps nor the Wilson B factors suggest obvious signs of significant radiation damage. Very short pulses (5-fs electron bunch) are not expected to produce observable damage, according to simulations (3). Furthermore, it has been reported that the actual x-ray pulses are shorter than the electron bunches for XFELs, making the pulse duration possibly shorter than the relevant Auger decays (18) . The agreement between the SFX results using 40-fs pulses and 5-fs pulses suggests similar damage characteristics for the two pulse durations on the basis of the available data. Our results demonstrate that under the exposure conditions used, SFX yields high-quality data suitable for structural determination. SFX reduces the requirements on crystal size and therefore the method is of immediate relevance for the large group of difficult-to-crystallize molecules, establishing SFX as a very valuable high-resolution complement to existing macromolecular crystallography techniques.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Experimental geometry for SFX at the CXI instrument. Single-pulse diffraction patterns from single crystals flowing in a liquid jet are recorded on a CSPAD at the 120-Hz repetition rate of LCLS. Each pulse was focused at the interaction point by using 9.4-keV xrays. The sample-to-detector distance (z) was 93 mm. 
